Background: Yeast Pah1 phosphatidate phosphatase required for triacylglycerol synthesis is subject to proteasome-mediated degradation. Results: Pah1 is degraded by the 20S proteasome in a ubiquitin-independent manner that is governed by its phosphorylation state. Conclusion: 20S proteasomal degradation of Pah1 is regulated by phosphorylation and dephosphorylation. Significance: Pah1 function in lipid metabolism is regulated by the 20S proteasome.
The importance of PAP activity for regulating lipid synthesis in yeast is epitomized by distinct phenotypes of the cells lacking the enzyme, many of which are intimately related to the increased level of PA and the decreased levels of DAG and TAG (1, 12, 17, 19, 20) . In particular, elevated PA content causes the derepression of phospholipid synthesis genes (e.g. INO1 and OPI3) and the aberrant expansion of the nuclear/ER membrane, whereas reduced DAG and TAG contents cause the susceptibility to fatty acid-induced toxicity and defects in lipid droplet formation (1, 12, 17, 19, 20) . Some of these phenotypes require expression of Dgk1 DAG kinase (12, 20, 21) , the enzyme that converts DAG back to PA (Fig. 1A) . The impact of PAP on overall cell physiology is further shown by the fact that PAP mutant cells are unable to grow on non-fermentable carbon sources (e.g. respiratory deficiency) (1, 22) or at elevated temperatures (1, 17, 22) and exhibit defects in cell wall integrity (23, 24) and vacuole fusion (e.g. as related to protein trafficking) (25) . With respect to mammalian cell physiology, defects in lipin PAP enzymes result in metabolic disorders that include lipodystrophy, insulin resistance, peripheral neuropathy, rhabdomyolysis, and inflammation (2, 26 -37) .
Studies with Pah1 PAP have significantly advanced the understanding of its mode of action and regulation (7, 38) . PAP activity, which is dependent on Mg 2ϩ , is directed by the conserved DXDX(T/V) catalytic motif within a HAD-like domain and by the conserved glycine residue within the NLIP domain (1, 19) . Pah1 is regulated by phosphorylation and dephosphorylation for its subcellular localization, catalytic activity, and abundance (17, 18, 39 -45) . With more than 30 phosphorylation sites (18, 46 -51) , it is one of the most heavily phosphorylated proteins in S. cerevisiae and has been shown to be a target for multiple protein kinases in vitro (49, 52) . Pah1 as a bona fide substrate has been confirmed for Pho85-Pho80 (40), Cdc28-cyclin B (39) , protein kinase A (41) , and protein kinase C (42) . The physiological relevance of Pah1 phosphorylation by these protein kinases has been shown by analysis of cells expressing phosphorylation-deficient mutant forms of the enzyme (18, 39 -43) . Phosphorylation of Pah1 by Pho85-Pho80, Cdc28-cyclin B, and protein kinase A sequesters the enzyme in the cytosol apart from the membrane, where its substrate PA is present (39 -41, 43) (Fig. 1B) . Pah1 is dephosphorylated by the Nem1-Spo7 protein phosphatase complex located at the nuclear/ER membrane (17, 53) . It is this dephosphorylation that activates Pah1 on the membrane surface (17, 18, 39 -41, 43, 44, 53) (Fig.  1B) . In this process, the acidic tail of Pah1 plays a role for interaction with Nem1-Spo7 (44) , and its N-terminal amphipathic helix mediates association with the membrane surface (43) . Phosphorylation of Pah1 by Pho85-Pho80 or protein kinase A inhibits PAP activity (40, 41) , whereas its dephosphorylation by Nem1-Spo7 stimulates the enzyme activity (54) . Pah1 is also regulated for PAP activity by membrane-associated and cytosolic factors. Negatively charged phospholipids (e.g. CDP-DAG and phosphatidylinositol) stimulate PAP activity by a mechanism that increases the affinity of Pah1 for PA (55) , whereas the positively charged sphingoid bases (e.g. sphinganine and phytosphingosine) inhibit the enzyme activity by a mechanism that excludes PA from the enzyme binding site (56) . ATP and CTP, nucleotides that serve as precursors in membrane phospholipid synthesis (5, 6) , inhibit PAP activity by a complex mechanism that affects catalytic efficiency and by chelation of Mg 2ϩ (57) . Expression of the PAP-encoding gene PAH1 is regulated by growth phase and nutrient availability (13, 58) . Its expression is induced as yeast cells progress into the stationary phase when TAG synthesis is increased at the expense of membrane phospholipids (11) , and the growth phase regulation is enhanced by inositol supplementation (13, 58) . The PAH1 expression is also induced when exponential phase cells are deprived of the essential mineral zinc. Unlike the growth phase regulation, the zincmediated regulation of PAP channels its product DAG to the synthesis of phosphatidylcholine via the CDP-choline branch of the Kennedy pathway (13, 58) . Regulation of the PAH1 expression by growth phase and nutrient status involves transcription factors (e.g. Ino2, Ino4, Opi1, Gis1, Rph1, and Zap1) that are known to control several phospholipid synthesis genes (5, 6) . These transcription factors exert regulatory effects on PAH1 that are generally opposite to those on the phospholipid synthesis genes (5, 6) , suggesting that the opposing regulations coordinate a balanced synthesis of membrane phospholipids and TAG. A, the pathways shown in the figure include the relevant steps discussed in this work. More comprehensive pathways for lipid synthesis may be found (5, 6 ). Pah1 PAP is found at a branch point where PA is partitioned to DAG and CDP-DAG for the synthesis of TAG or membrane phospholipids, respectively. B, Pah1 in the cytosol is phosphorylated by multiple protein kinases (e.g. Pho85-Pho80, Cdc28-cyclin B, protein kinase A, and protein kinase C). The phosphorylated enzyme (indicated by the letter P) translocates to the ER membrane through its dephosphorylation by the Nem1-Spo7 phosphatase complex. Dephosphorylated Pah1 associated with the membrane catalyzes the conversion of PA to DAG, which is acylated to form TAG. Dephosphorylated Pah1 or protein kinase C-phosphorylated Pah1 that is not phosphorylated at the target sites for Pho85-Pho80/Cdc28-cyclin B is degraded by the 20S proteasome (indicated by the dashed line arrows and ellipse). PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine, PG, phosphatidylglycerol; CL, cardiolipin; PKA, protein kinase A; PKC, protein kinase C.
The induced expression of PAH1 in the stationary phase and by nutrient status correlates with elevated levels of PAP activity, but the overall abundance of Pah1 is shown to decline (13, 39, 40, 58) . Considering that only the membrane-associated Pah1 is physiologically active, the enigmatic regulation seems to ensure that the enzyme level is appropriately controlled on the membrane to preserve PA for phospholipid synthesis and/or prevent the toxic effects of DAG (7, 45) . Indeed, the overexpression of hyperactive Pah1 results in lethality (18, 39, 45) . We have recently shown that the abundance of Pah1 is controlled in stationary phase cells by proteasomal protease activity (45) . By exploring the proteasomal regulation, we show here that Pah1 is degraded by the 20S proteasome in a ubiquitin-independent manner and that the proteasomal degradation is governed by its phosphorylation state.
EXPERIMENTAL PROCEDURES
Reagents-Growth medium supplies were obtained from Difco. Plasmid DNA purification kits and nickel-nitrilotriacetic acid-agarose resin were from Qiagen. PCR primers, protease inhibitors, Triton X-100, MG132, and bovine serum albumin were obtained from Sigma-Aldrich. Clontech was the source of mouse anti-GFP antibodies. IgG-Sepharose, Q-Sepharose, PVDF membrane, mouse anti-His 6 antibodies, and the enhanced chemifluorescence Western blotting detection kit were from GE Healthcare. His 6 -tagged tobacco etch virus protease was purchased from Invitrogen. New England Biolabs was the source of enzymes for DNA manipulations. Protein kinase A catalytic subunit and conventional protein kinase C were from Promega. Bio-Rad was the source of reagents for electrophoresis, Western blotting, protein determination, molecular mass protein standards, and DNA size ladders. Alkaline phosphatase-conjugated goat anti-rabbit antibodies and alkaline phosphatase-conjugated goat anti-mouse antibodies were from Thermo Scientific and Pierce, respectively. Thermo Scientific was the source of S. cerevisiae BY4741 TAP-tagged fusion proteins. All other chemicals were reagent grade.
Strains and Growth Conditions-E. coli strains DH5␣ and BL21(DE3)pLysS were used for the propagation of plasmids and for the expression of His 6 -tagged proteins, respectively. Cells were grown at 37°C in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7.0). For the selection of cells carrying plasmids for the expression of proteins, the growth medium was supplemented with ampicillin (100 g/ml) and chloramphenicol (34 g/ml) (59) . The expression of proteins in cells bearing derivatives of plasmid pET-15b was induced with 1 mM isopropyl ␤-D-1-thiogalactopyranoside. Yeast cells expressing TAP-tagged proteins were grown at 30°C in YEPD medium (1% yeast extract, 2% peptone, and 2% glucose). Cell numbers in liquid cultures were determined spectrophotometrically at an absorbance of 600 nm.
DNA Manipulations-Isolation of DNA, digestion and ligation of DNA, and PCR amplification of DNA were performed by standard practices (60, 61) . The plasmids used in this study are listed in Table 1 . Plasmid pGH313, a derivative of pET-15b, directs the isopropyl ␤-D-1-thiogalactopyranoside-induced expression of His 6 -tagged Pah1 in E. coli (1) . pLH101 and pLH102 were constructed by inserting the GFP-PAH1 and PAH1-GFP coding sequences, respectively, into the XhoI and BamHI sites in pET-15b. pLH103 was constructed by inserting the human SNCA coding sequence, which was amplified by PCR from p426GPD-␣Syn (62) , into the NdeI and XhoI sites in pET15b. pLH104 was constructed by inserting the GFP coding sequence, which was amplified by PCR from YCplac111-SEC63-GFP (17) , into the XhoI and BamHI sites in pET-15b. pGH313(1-821) and pGH313(1-591) were constructed from pGH313 by generating a nonsense mutation at (17) and pGH313, respectively. The fusion coding sequences for GFP-PAH1 and PAH1-GFP with XhoI and BamHI sites were generated by overlap extension PCR (63) . All of the PAH1 and GFP constructs were confirmed by DNA sequencing. Plasmid transformation of E. coli was performed as described previously (60) . Purification of Enzymes, Proteasomes, and ␣-Synuclein-All steps were performed at 4°C. His 6 -tagged wild type and mutant forms of Pah1, His 6 -tagged Pho85-Pho80 protein kinase complex, His 6 -tagged human lipin 1 ␣, ␤, and ␥ isoforms, and His 6 -tagged human ␣-synuclein expressed in E. coli were purified by affinity chromatography with nickel-nitrilotriacetic acid-agarose as described by Han et al. (59) . For phosphorylation experiments, the affinity-purified Pah1 was further purified by ion-exchange chromatography with Q-Sepharose (54). The endogenously phosphorylated TAP-tagged Pah1 was purified from yeast by IgG-Sepharose affinity chromatography as described by O'Hara et al. (18) . Protein A-tagged Nem1-Spo7 protein phosphatase complex (64) was purified from yeast by IgG-Sepharose affinity chromatography (54) . The 26 and 20S proteasomes were purified from yeast expressing TAP-tagged Rpn11 and TAP-tagged Pre1, respectively, by IgG-Sepharose affinity chromatography as described previously (65, 66) . The protein A tag was removed from the fusion proteins by digestion with His 6 -tagged tobacco etch virus protease, which was removed from purified protein preparations by nickel-nitrilotriacetic acid-agarose chromatography. SDS-PAGE analysis indicated that the protein and proteasome preparations used in this study were purified. Protein content was estimated by the method of Bradford (67) using bovine serum albumin as a standard.
Phosphorylation and Dephosphorylation of Pah1-Purified unphosphorylated Pah1 was phosphorylated with 100 M ATP by Pho85-Pho80 (40), protein kinase A (41), or protein kinase C (42) for 2 h at 30°C as described previously. The purified Pah1 that is endogenously phosphorylated in S. cerevisiae (18) was dephosphorylated by pure Nem1-Spo7 phosphatase complex as described by Su et al. (54) .
Proteasome Assays-For the 26S proteasome assay, Pah1 (30 nM) was incubated with the 26S proteasome (2 nM) in a reaction mixture containing 50 mM Tris-HCl (pH 7.0), 1 mM ATP, 1 mM MgCl 2 , and 2% dimethyl sulfoxide (solvent control for the proteasome inhibitor MG132 (68)). For the 20S proteasome assay, Pah1 (30 nM) was incubated with purified 20S proteasome (2 nM) in a reaction mixture containing 50 mM Tris-HCl (pH 7.0), 0.02% SDS, and 2% dimethyl sulfoxide. Where indicated, 50 M MG132 (dissolved in 2% dimethyl sulfoxide) was added to the assays to inhibit proteasome activity. The reactions were terminated by the addition of 4ϫ Laemmli's buffer (69), followed by SDS-PAGE and Western blotting analysis.
SDS-PAGE and Western Blotting-SDS-PAGE (69) was performed with 8 or 12.5% slab gels. Western blotting (70, 71) with PVDF membrane was performed by standard procedures using rabbit anti-Pah1 antibodies (39) (1 g/ml), rabbit anti-lipin 1 antibodies (72) (1:5,000 dilution), mouse anti-His 6 antibodies (1:5,000 dilution), or mouse anti-GFP antibodies (1:5,000 dilution). These primary antibodies were detected with secondary antibodies (e.g. goat anti-rabbit or anti-mouse) conjugated with alkaline phosphatase at a dilution of 1:5,000. Immune complexes were detected using the enhanced chemifluorescence Western blotting detection kit. Fluorimaging was used to acquire images from Western blots, and the signal intensity of the image was analyzed using ImageQuant software. Signals were in the linear range of detectability.
Analyses of Data-Statistical analyses were performed with SigmaPlot software. The p values Ͻ 0.05 were taken as a significant difference.
RESULTS

Yeast Pah1 and Human Lipin 1 Are Degraded by the 20S
Proteasome but Not by the 26S Proteasome-Our previous work has shown that Pah1 expressed in E. coli, which is not subject to ubiquitination or phosphorylation, is degraded by MG132-inhibitable proteolytic activity in the 100,000 ϫ g pellet fraction of stationary phase cells (45) . This result, coupled with the observations that the abundance of Pah1 is stabilized in the stationary phase cells by MG132 or by the lack of Pre1/Pre2 chymotryptic activity of the 20S proteasome, supports the conclusion that Pah1 in stationary phase cells is subject to proteasomal degradation (45) . Here, we examined the degradation of purified Pah1 using affinity-purified preparations of 26 and 20S proteasomes ( Fig. 2A) . The E. coli-expressed Pah1 was resistant to proteolysis by the 26S proteasome (Fig. 2B, left) under assay conditions (e.g. presence of ATP) known to degrade other unmodified proteins (62, 65) . As a control, the fidelity of our 26S proteasome preparation was confirmed by its ability to degrade E. coli-expressed ␣-synuclein (Fig. 2C) . The incubation of the 26S proteasome with 0.5 M NaCl dissociates it into the 20S core particle and the 19S regulatory particle (65, 66, 73) . When incubated with the salt-treated 26S proteasome, Pah1 was degraded in a time-dependent manner (Fig. 2B, right) , suggesting that its degradation occurs by the 20S proteasome. Further analysis with the purified 20S proteasome showed that Pah1 was degraded in a time-dependent manner over a 2-h incubation period (Fig. 2D, top) . Next, we questioned whether the degradation was affected by the PAP substrate PA or its cofactor Mg 2ϩ (Fig. 2D, bottom) . These experiments were performed in the presence of 2 mM Triton X-100, the non-ionic detergent used to present PA to PAP in uniform Triton X-100/ PA-mixed micelles and required for maximum enzyme activity (1, 74, 75) . Whereas Triton X-100 stimulated the 20S proteasomal degradation of Pah1 (compare Fig. 2D, top and bottom) , neither PA nor Mg 2ϩ ions affected the degradation (Fig. 2D ). It is known that SDS facilitates protein entry into the 20S proteasome at low concentrations but denatures and inactivates proteasomal subunits at high concentrations (65, 66, 73) . Accordingly, we examined the effects of SDS on the 20S proteasomal degradation of Pah1. SDS was not required for the proteasomal degradation of Pah1, but its addition (0.02-0.09%) to the reaction mixture stimulated (2.5-fold) degradation (Fig. 3A) . Accordingly, 0.02% SDS was included in the standard 20S proteasome reaction. The effect of pH on the 20S proteasomal degradation of Pah1 was examined with Tris-maleate-glycine buffer from pH 5.0 to 8.0. Maximum degradation was observed at pH 7.0 (Fig. 3B) . Under optimal conditions for SDS and pH, the degradation of Pah1 was dependent on the time of the reaction and the concentration of the 20S proteasome (Fig. 4) . The degradation was inhibited by the proteasome inhibitor MG132 (Fig. 4) . The 20S proteasomal degradation of Pah1 was not affected by its oxidation with 1 mM hydrogen peroxide, reduction with 1 mM DTT, or denaturation at 100°C for 5 min (data not shown).
Because the function of yeast Pah1 is conserved in the mammalian (e.g. mouse and human) lipin PAP enzymes (1, 3, 76) and the biogenesis of the 20S proteasome particle is also conserved (77), we questioned whether E. coli-expressed unmodified human lipin 1 was also subject to degradation by proteasomes. The human lipin 1␣ isoform was degraded by the 20S proteasome in a time-dependent manner but not degraded by the 26S proteasome (Fig. 5) . The other lipin 1 isoforms (␤ and ␥) were similarly degraded by only the 20S proteasome (data not shown).
20S Proteasomal Degradation of N-and C-terminal Truncations of Pah1-Pah1
contains the evolutionarily conserved NLIP and HAD-like domains (Fig. 6A) . Sequence analysis of Pah1 with the FoldIndex algorithm (78) predicts that its folded regions are present at the extreme N terminus, where the amphipathic helix and NLIP domain are found, and in the middle of the protein, where the HAD-like domain is found (Fig.  6B) . The program also predicts unfolded regions at both the N and C termini of the protein (Fig. 6B) . Because proteins containing intrinsically unstructured regions can be degraded by the 20S proteasome without posttranslational modifications (79, 80), we hypothesized that Pah1 is degraded through its unstructured regions. To explore this hypothesis, a series of N- and C-terminal His 6 -tagged truncations were expressed and purified from E. coli and were examined for their proteasomal degradation (Fig. 6A) . The individual N-or C-terminal truncations containing the unfolded regions were degraded by the 20S proteasome (Fig. 6C) . We also examined the proteasomal degradation of Pah1 lacking both the N-and C-terminal regions (Fig. 6C) . Truncated Pah1 consisting of residues 235-752 in which the HAD-like domain is flanked by unfolded regions was degraded by the 20S proteasome. The rates of degradation of the various truncations differed, but the reason for this is unclear. Strikingly, the truncated Pah1 consisting of only the HAD-like domain (residues 360 -591) was not degraded by the 20S proteasome (Fig. 6C) . The resistance of this construct to degradation was observed over a 2-h incubation period and at a 2-fold higher concentration of the 20S proteasome (Fig. 6D) .
20S Proteasomal Degradation of GFP-Pah1 and Pah1-GFP Fusion
Proteins-To further explore the 20S proteasomal degradation of Pah1, we analyzed the protein fused at the N or C terminus with GFP, a highly structured protein that is not subject to degradation by the 20S proteasome (81) . Because both fusion proteins were tagged with the His 6 epitope at the N terminus, the full-length protein and the degradation products of the reactions were analyzed with anti-His 6 and anti-GFP antibodies. The abundance of full-length His 6 -GFP-Pah1 was reduced in a time-dependent manner along with the production of 70-and 40-kDa proteolytic fragments (Fig. 7A ). This degradation pattern was observed in the Western blotting analysis by both the anti-His 6 and the anti-GFP antibodies. As mentioned above, Pah1 is predicted to have unfolded regions on both sides of the HAD-like domain (Fig. 6B) . The production of the 70-kDa proteolytic fragment indicated that the degradation occurred at the C-terminal region of the fusion protein and stopped at the HAD-like domain. The production of the 40-kDa proteolytic fragment indicated that the degradation of the full-length fusion protein or 70-kDa proteolytic fragment occurred at the N-terminal side of the HAD-like domain and stopped at the NLIP domain. The detection of the 27-kDa proteolytic fragment only by the anti-GFP antibodies indicated that the His 6 tag and the N-terminal region of Pah1 are also susceptible to degradation by the proteasome. In a reciprocal analysis, the His 6 -Pah1-GFP fusion protein was also degraded by the 20S proteasome to produce 51-and 38-kDa proteolytic fragments (Fig. 7B) , indicating that degradation of the fusion protein occurred at the C-terminal side of the HAD-like domain. The poor detection of the His 6 -tagged proteolytic fragments by anti-His 6 antibodies indicated that they were too small in size to be detected in our electrophoretic conditions. Overall, these results substantiated the conclusion that the degradation of Pah1 by the 20S proteasome occurs from both the N-and C-terminal unfolded regions of the protein.
20S Proteasomal Degradation of Pah1 Is Regulated by Its Phosphorylation and Dephosphorylation-Studies with yeast
carrying Pah1 with alanine mutations for phosphorylation sites indicate that its abundance in vivo is stabilized through its phosphorylation by Pho85-Pho80 (40), Cdc28-cyclin B (39), or protein kinase A (41) . In Pah1, the target phosphorylation sites of the protein kinases are located in the regions that are predicted to be unfolded (Fig. 6A) . In addition, Pah1 phosphorylated by Pho85-Pho80 and Cdc28-cyclin B exhibits a shift in electrophoretic mobility, reflecting a structural change by phosphorylation (39, 40, 54) . Accordingly, we questioned whether phosphorylation has any effect on the degradation of Pah1 by the 20S proteasome (Fig. 8) . Pah1 phosphorylated by Pho85-Pho80, which causes the shift in electrophoretic mobility (Fig. 8, top) , was partially resistant to proteasomal degradation and showed a half-life (11 min) nearly 2-fold longer than that of the unphosphorylated enzyme (6 min). The effect of Cdc28-cyclin B on Pah1 degradation was not examined because its three phosphorylation sites are among the seven sites phosphorylated by Pho85-Pho80 (39, 40) . Phosphorylation by protein kinase A had a small effect on the reduction of Pah1 degradation, extending its half-life from 6 min (unphosphorylated) to 7.5 min (phosphorylated). The effect of protein kinase A was not observed when Pah1 was phosphorylated by Pho85-Pho80. In contrast to the aforementioned protein kinases, protein kinase C has the effect of decreasing Pah1 abundance when it is not phosphorylated by Pho85-Pho80 (42) . Consistent with this finding, the phosphorylation of Pah1 by protein kinase C had a small stimulatory effect on its 20S proteasomal degradation, reducing the half-life of the protein from 6 min (unphosphorylated) to 5 min (phosphorylated).
The abundance and phosphorylation state of Pah1 are also regulated through its dephosphorylation by Nem1-Spo7 protein phosphatase activity (18, 39 -42, 54) . Here, we examined the effect of Nem1-Spo7 on the proteasomal degradation of Pah1. The S. cerevisiae-expressed preparation of Pah1, which is heterogeneously phosphorylated in vivo (18, 54) , was dephosphorylated by the Nem1-Spo7 protein phosphatase and then examined for its degradation by the 26 and 20S proteasomes. Neither the phosphorylated nor the dephosphorylated form of Pah1 was degraded by the 26S proteasome (Fig. 9A) . However, both forms of Pah1 were degraded by the 20S proteasome (Fig.  9B) . Moreover, the dephosphorylation of Pah1 stimulated its degradation by the 20S proteasome; the half-life of the dephosphorylated enzyme (12 min) was 2.6-fold shorter than that of the endogenously phosphorylated enzyme (32 min) (Fig. 9B) .
DISCUSSION
Proteasomal degradation is a novel mechanism by which Pah1 abundance in yeast is controlled in the stationary phase of growth (45) . In this work, we characterized the proteolytic degradation of Pah1 using purified preparations of enzyme and proteasomes. The E. coli-expressed (i.e. not subject to posttranslational modifications) and yeast-expressed (i.e. subject to endogenous posttranslational modifications) forms of Pah1 were degraded by the 20S proteasome, but not by the 26S proteasome. Although a function of the 20S proteasome is to process damaged and oxidized proteins (82, 83) , the rate of Pah1 degradation was not affected by boiling or by treatments with hydrogen peroxide or DTT. Our previous work indicated that increased levels of PA, which are brought about by catalytic site mutations that reduce PAP activity or by the overexpression of Dgk1 DAG kinase activity, stabilize Pah1 abundance (45) . However, the in vitro analysis performed here indicates that PA has no significant effect on the 20S proteasomal degradation of Pah1, suggesting that PA levels affect the stability of Pah1 through an indirect regulatory mechanism. The 20S proteasomal degradation was clearly greatest when Pah1 was not phos- phorylated, either by a lack of phosphorylation (e.g. E. coli-expressed enzyme) or by dephosphorylation of inherently phosphorylated (yeast-expressed) enzyme with the Nem1-Spo7 protein phosphatase. In contrast, the 20S proteasomal degradation was significantly attenuated when Pah1 was endogenously phosphorylated or phosphorylated in vitro by Pho85-Pho80 and by protein kinase A. The half-lives of the unphosphorylated and dephosphorylated forms of Pah1 shown in Figs. 8 and 9 were not the same. This may be explained if the dephosphorylation of the yeast-expressed Pah1 was not complete. Overall, these findings indicate that the phosphorylation state of Pah1 governs its degradation by the 20S proteasome and define more clearly why phosphorylation/dephosphorylation affects Pah1 abundance in vivo.
Unfolded proteins are targeted for proteasomal degradation (84 -86) . Generally, the posttranslational modification of ubiquitination provides a signal and facilitates unfolding for degradation by the 26S proteasome (84 -86) . However, proteins may also be subjected to proteasomal degradation through a ubiquitin-independent mechanism that is mediated by unfolded regions of the protein (79, 87) . Pah1 is identified as an unstable protein based on its primary structure (88) , and the FoldIndex algorithm predicts that Pah1 is a highly unstructured protein with the exception of the conserved NLIP and HADlike domains. Consistent with this prediction, Pah1 was shown to be degraded from the unfolded regions at both the N and C termini of the protein, and the HAD-like domain was resistant to degradation. In addition to being targeted for proteasomal degradation, the unfolded regions of a protein are generally susceptible to posttranslational modifications that may induce a structural change (89) . In the case of Pah1, it is the unfolded regions where the phosphorylation target sites of Pho85-Pho80 (40), Cdc28-cyclin B (39), protein kinase A (41), and protein kinase C (42) are located (Fig. 6A) . That Pho85-Pho80 and protein kinase A caused Pah1 to be less susceptible to 20S proteasomal degradation indicates that phosphorylation induces a change to a more ordered state. Conversely, the increased degradation of Pah1 through its dephosphorylation by Nem1-Spo7 indicates a change in structure to a more disordered state.
Protein kinase A (41) and protein kinase C (42) share three sites of phosphorylation (e.g. Ser-677, Ser-773, and Ser-788) at the C terminus of Pah1 (Fig. 6A) . However, the phosphorylations by these kinases had opposing effects on the 20S proteasomal degradation of the enzyme; protein kinase A had an inhibitory effect, whereas protein kinase C had a stimulatory effect. These results indicate that the unique protein kinase A sites (e.g. Ser-10 and Ser-774) may play a role in protecting Pah1 from degradation, and the unique protein kinase C site (e.g. Ser-769) may play a role in stimulating enzyme degradation. In vivo, the S10A mutation destabilizes Pah1 abundance (41) , whereas alanine mutations of the protein kinase C sites stabilize abundance, but only when Pah1 is not already phosphorylated by Pho85-Pho80 (42) .
We posit that the 20S proteasomal degradation of Pah1 is physiologically relevant. In glucose-grown yeast cells, the 26S proteasome is primarily localized to the nucleus (90) . However, when the cells are depleted for glucose and progress into the stationary phase, the decrease in cellular pH (to ϳ5.5) results in the dissociation of the 26S proteasome into the 20S core and 19S regulatory particles, promoting the formation of cytoplasmic proteasome storage granules (90 -93) . The acidic environment in the stationary phase also favors the Nem1-Spo7-mediated dephosphorylation of Pah1 (54) , and during this phase of growth, phosphorylations by cyclin-dependent protein kinases (e.g. Pho85-Pho80 and Cdc28-cyclin B) and protein kinase A are expected to be less prevalent (94, 95) . Although the pH optimum for the 20S proteasomal degradation of Pah1 was 7.0, about 70% of the maximum activity remains at pH 5.5. Thus, the non-phosphorylated state of Pah1, coupled with the increased levels of the 20S proteasome, are conducive to the degradation of Pah1 in stationary phase cells.
Like Pah1 (45) , its mammalian ortholog lipin 1 is stabilized in cells treated with the proteasome inhibitor MG132 (96) . However, it is unclear whether lipin 1 is subject to ubiquitin-dependent or ubiquitin-independent mechanisms of proteasomal degradation. Because the NLIP and HAD-like domains and PAP function of Pah1 and lipin 1 are conserved (7, 97) , we examined whether the E. coli-expressed unmodified lipin 1 could be degraded by proteasomes. Similar to Pah1, human lipin 1 (␣, ␤, or ␥ isoform) was degraded by the 20S proteasome but not by the 26S proteasome. Thus, lipin 1 is also subject to ubiquitin-independent proteasomal degradation. The HADlike domain of lipin 1 is located at the C terminus (2) , and the FoldIndex algorithm predicts that the central region between the NLIP and HAD-like domains to be unfolded (43%). Akin to Pah1, lipin 1 is a highly phosphorylated PAP enzyme (98) , and most of the phosphorylation sites are positioned within the unfolded region of the protein. Studies to examine the role of phosphorylation/dephosphorylation on the proteasomal degradation of lipin 1 are warranted.
There is no clear indication that Pah1 is degraded by the ubiquitin-dependent 26S proteasomal degradation pathway. Pah1 is not among the Ͼ1,000 ubiquitinated proteins identified in exponential phase cells through proteomic analysis (99, 100) , and our attempts to unequivocally establish the ubiquitination of Pah1 from stationary phase cells have thus far been unsuccessful. Considering that Pah1 is partially stabilized in the stationary phase of some mutants defective in the ubiquitination pathway (45), we do not exclude the possibility that Pah1 is also regulated by a ubiquitin-dependent process.
As discussed previously (45), Pah1 is not the only lipid metabolic enzymes in yeast that is subject to proteasomal degradation. The abundance of Ole1 ⌬-9 fatty acid desaturase (101) and Hmg2 hydroxymethylglutaryl-CoA reductase (102) is known to be regulated by proteasomal degradation. In addition, studies profiling the proteomics of ubiquitination in yeast (99) have identified lipid biosynthetic enzymes (e.g. Gpt2p, Slc1, and Cho1) and proteins (e.g. Opi1 and Scs2) that control lipid synthesis. Interestingly, these putative proteasome targets are intimately related to the metabolism of PA, the Pah1 PAP substrate. Gpt2 and Slc1 are acyltransferase enzymes that catalyze the conversion of glycerol 3-phosphate to PA, whereas the Cho1 phosphatidylserine synthase utilizes the PA-derived CDP-DAG to produce phosphatidylserine, which is converted to the major membrane phospholipids phosphatidylethanolamine and phosphatidylcholine (5, 6) . Opi1 is a transcriptional repressor controlling phospholipid synthesis, and its function is controlled through its localization governed by interaction with PA and Scs2 (6, 103) . Thus, proteasomal degradation is emerging as an additional mechanism by which lipid metabolism is regulated in yeast. 
